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Summary
Phospholipids are distributed asymmetrically across
the plasma-membrane bilayer of eukaryotic cells:
Phosphatidylserine (PS), phosphatidylethanolamine,
and phosphoinositides are predominantly restricted
to the inner leaflet, whereas phophatidylcholine
and sphingolipids are enriched on the outer leaflet
[1, 2]. Exposure of PS on the cell surface is a con-
served feature of apoptosis and plays an important
role in promoting the clearance of apoptotic cells
by phagocytosis [3]. However, the molecular mecha-
nism that drives PS exposure remains mysterious.
To address this issue, we studied cell-surface
changes during apoptosis in the nematode
C. elegans. Here, we show that PS exposure can
readily be detected on apoptotic C. elegans cells.
We generated a transgenic strain expressing
a GFP::Annexin V reporter to screen for genes
required for this process. Although none of the
known engulfment genes was required, RNAi knock-
down of the putative aminophospholipid transporter
gene tat-1 abrogated PS exposure on apoptotic
cells. tat-1(RNAi) also reduced the efficiency of
cell-corpse clearance, suggesting that PS exposure
acts as an ‘‘eat-me’’ signal in worms. We propose
that tat-1 homologs might also play an important
role in PS exposure in mammals.
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Activation of the C. elegans Apoptotic Pathway
Induces Phosphatidylserine Exposure
in Primary Cell Culture
Loss of plasma-membrane asymmetry during mamma-
lian apoptosis can readily be measured by detection of
the presence of phosphatidylserine (PS) on the outer
leaflet, e.g., through its interaction with exogenously
added annexin V (AnxV), which binds to negatively
charged phospholipids in the presence of calcium
ions [4].
To determine whether PS exposure also occurs
during programmed cell death in C. elegans, we gener-
ated primary cell cultures from transgenic animals
expressing the BH3-domain protein EGL-1 under the
control of a heat-shock promoter and stained these cells
with AnxV (Figure 1). Under normal growth conditions,
no PS exposure is detectable on these cells (Figures
1A and 1F). By contrast, AnxV bound to many cells after
heat-shock treatment (Figures 1B and 1F). Most AnxV-
positive (AnxV+) cells did not stain with the membrane-
impermeable DNA intercalator propidium iodide (PI);
thus, the exposure of PS was not due to loss of
plasma-membrane integrity [4]. By contrast, inhibition
of the electron transport chain with NaN3 led to strong
staining with both AnxV and PI (AnxV+/PI+), indicating
that this treatment mainly results in necrotic cell death,
as has previously been shown in mammals (Figures 1C
and 1F) [5].
To determine whether PS exposure requires activa-
tion of the apoptotic pathway, we repeated the same
set of treatments with cells isolated from ced-3 mutant
animals, which lack the major worm apoptotic caspase.
Expression of EGL-1 failed to induce PS exposure in
these cells, indicating that PS exposure requires CED-3
caspase activation in C. elegans (Figures 1D and 1F).
We also tested embryoid bodies (eggshell-less
embryos) for AnxV staining. We found that a small num-
ber of cells in embryoid bodies showed the AnxV+/PI2
phenotype typical of apoptotic cells. Most of these cells
also showed the condensed morphology characteristic
of C. elegans cell corpses under DIC optics, confirming
that they were undergoing apoptosis (Figure 1E). These
results suggest that PS exposure also occurs during
developmental cell death in C. elegans.
PS Exposure Is an Early In Vivo Marker
of Apoptosis in C. elegans
In order to directly visualize PS exposure in vivo at all
developmental stages, we generated an integrated
transgene—opIs117[Phsp::sel-1sp::GFP::AnxV]—that ex-
presses a GFP-tagged human AnxV cDNA under the
control of a C. elegans heat-shock promoter. We added
the signal peptide domain of SEL-1 (SEL-1SP) to the N
terminus of the GFP::AnxV reporter to insure its secre-
tion into the extracellular medium. We found that the
secreted GFP::AnxV reporter selectively highlighted
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995Figure 1. C. elegans Cells Bind Annexin V upon Apoptosis In Vitro
(A–E) Primary cell cultures were stained with Annexin V (AnxV) and with propidium iodide (PI). Concave arrowheads indicate background-stained
unaffected cells (Anx2 and PI2). Arrows indicate AnxV+ and PI2 apoptotic cells. Arowheads indicate AnxV+ and PI+ necrotic cells. (A) shows non-
heat-shock-treated egl-1(0); Ex[Phsp::egl-1(+)] cells. (B) shows heat-shock-treated egl-1(0); Ex[Phsp::egl-1(+)] cells. (C) shows NaN3-treated
egl-1(0); Ex[Phsp::egl-1(+)] cells. (D) shows heat-shock-treated ced-3(0), egl-1(0); Ex[Phsp::egl-1(+)] cells. (E) shows wild-type blastomeres
stained with AnxV and PI. The scale bar represents 5 mm.
(F) GFP-AnxV signal intensity quantification. Numbers in bars represent counted cells. Data are shown as averages 6 SD.apoptotic cells in embryos and in the germ line of adult
opIs117 hermaphrodites (Figures 2A and 2B). Worms
carrying a control transgene, opIs172[Phsp::sel-1::GFP],
which lacks the AnxV moiety and thus is unable to
bind to PS, showed a similar GFP expression pattern
as transgenic opIs117 animals, but apoptotic-cell corp-
ses were never labeled with GFP (Figure S1 in the
Supplemental Data available online and Table 1). Taken
together, these results strongly suggest that, like
mammalian cells,C. elegans cells also expose PS during
apoptosis.To test whether PS exposure in vivo depends on the
apoptotic machinery, we crossed the opIs117 transgene
into different apoptosis mutant backgrounds and quan-
tified GFP::AnxV staining in the adult hermaphrodite
germ line (Table 1). ced-3 or ced-4 mutations, which re-
sult in an almost complete loss of apoptotic cell death
[6], led to a loss of GFP::AnxV staining. Conversely, in-
crease of apoptotic cell death caused by loss of the
Bcl-2 homolog ced-9 or a loss-of-function mutation in
the gla-1 gene [7–9] resulted in increased number of
GFP::AnxV-positive cell corpses. Thus, PS exposure
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996Figure 2. C. elegans Cells Bind Annexin V
upon Apoptosis In Vivo
(A) Transgenic opIs117 worms were submit-
ted to heat shock (33C for 30 min) and
analyzed as described in the Supplemental
Experimental Procedures. GFP::AnxV labels
both embryonic-cell corpses (upper row, ar-
row) as well as apoptotic-cell corpses in the
adult hermaphrodite germ line (lower row,
arrow). The scale bar represents 5 mm.
(B) Heat-shocked gla-1(op324); opIs117 adult
hermaphrodites were costained with SYTO41
and Hoechst 33342 for determining the apo-
ptotic stage of GFP::AnxV-labeled germ-cell
corpses. In the DIC picture two apoptotic-
cell corpses can be distinguished: An early
apoptotic corpse that does not yet have the
characteristic appearance of a refractile
disk (indicated by arrow) and a late corpse
with typical apoptotic morphology (indicated
by arrowhead). The early apoptotic-cell
corpse is marked by GFP::AnxV; this corpse
is not engulfed yet, as confirmed by the ab-
sence of SYTO41 and weak Hoechst 33342
staining. In contrast, the late, engulfed cell
corpse is not labeled with GFP::AnxV but
positive for SYTO41 and Hoechst 33342.and subsequent labeling of apoptotic-cell corpses by
GFP::AnxV depends on apoptotic cell death.
Not every single cell corpse that is detectable by
Nomarski optics is marked by GFP::AnxV. One possible
explanation for this discrepancy is that GFP::AnxV only
labels a specific stage of apoptosis. In order to deter-
mine at which stage of apoptosis cells are bound by
GFP::AnxV, we stained gla-1(op324); opIs117 worms,
which show an increase in physiological cell death in
the adult hermaphrodite germ line, with Hoechst 33342
to visualize DNA condensation of apoptotic cells and
with SYTO41, which specifically stains engulfed cells
[8]. We found that GFP::AnxV preferentially stains cells
in the early stages of apoptosis, when the DNA begins
to condense, but the cell appears only mildly refractile
by DIC and engulfment is not yet completed (Figure 2B).
By contrast, late, engulfed (SYTO41+) apoptotic cells
Table 1. GFP::AnxV Staining Is Dependent on Apoptosis
Genotype
Apoptotic Germ
Cells per Gonad
DIC GFP
opIs117[Phsp::sel-1::GFP::AnxV] 2.8 6 1.9 2.1 6 1.7
opIs172[Phsp::sel-1::GFP] 2.7 6 0.4 0
ced-3(n717); opIs117 0.1 6 0.3 0.2 6 0.4
ced-4(n1162); opIs117 0 0.1 6 0.3
ced-9(n1653); opIs117 15 6 3 11 6 2
gla-1(op234); opIs117 15 6 3 12 6 3
ced-3(n717); ced-5(n1812); opIs117 0.1 6 0.3 0.4 6 1.0
Germ-cell corpses were counted 24 hr after the L4/adult molt with
Nomarski optics (DIC) and GFP epifluorescence. For each animal
observed, only one gonad arm was scored. All data are
averages 6 SD, n = 10.invariably failed to stain with GFP::AnxV. Taken to-
gether, these observations suggest that PS exposure
is an early event during apoptosis in C. elegans as it is
the case in other species [4].
PS Exposure Does Not Depend on Any of the Known
Engulfment Genes
In mammals, the CED-7 homolog ABCA1 (ATP-binding-
cassette transporter A1) has been implicated in the en-
gulfment of apoptotic cells [10]. Moreover, Zhou et al.
proposed a model in which CED-7 promotes exposure
by the dying cell of PS, which is recognized by CED-1
[11]. We therefore crossed the opIs117 transgene into
various engulfment mutants and assayed GFP::AnxV la-
beling of apoptotic-germ-cell corpses. Neither ced-7
nor the other engulfment genes tested were necessary
for PS exposure (Figure 3A).
PS Exposure Does Not Depend on Any
of the Putative Scramblases
Previous studies reported the existence of a nonspecific
phospholipid flipsite (a site that allows passive move-
ment of phospholipids from one leaflet to the other),
termed the scramblase, which mediates the bidirec-
tional movement of all phospholipids across the bilayer
[12]. To test whether homologs of these genes might be
involved in lipid redistribution in C. elegans, we knocked
down the expression of ten annotated PLSCR1 homo-
logs by feeding RNAi [13–15] in wild-type and ced-5
engulfment-defective animals. We failed to detect any
change in GFP::AnxV labeling in either genetic back-
ground (Figure S2A and data not shown). However,
these negative results should be interpreted very cau-
tiously. First, the efficiency of RNAi is highly variable; it
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997Figure 3. PS Exposure Does Not Depend On
The Known Engulfment Genes But On The
Translocase TAT-1
(A) The opIs117 reporter was crossed into
various engulfment mutants, and germ-
cell corpses were counted 24 hr after the
L4/adult molt with Nomarski optics (DIC)
and GFP epifluorescence. The transgenic
line opIs172[Phsp16.41::sel-1::GFP] was used
as a control.
(B) Synchronized ced-5(n1812); opIs117 L1
larvae were transferred onto 2 mM IPTG
RNAi plates seeded with bacteria expressing
the indicated and predicted P type amino-
phospholipid translocases RNAi constructs
(pSZ3 is a second, independent RNAi con-
struct against tat-1—see the Experimental
Procedures in the Supplemental Data for
details). Germ-cell corpses were counted
24 hr after the L4/adult molt stage with No-
marski optics (DIC) and GFP epifluorescence.
ced-3(RNAi) and bir-1(RNAi) were used as
positive and negative control, respectively.
For each animal observed, only one gonad
arm was scored. All data are averages 6
SD, n = 10.is thus possible that our RNAi-treated worms still ex-
pressed significant levels of mRNA. Second, we only
performed single-gene RNAi and therefore cannot ex-
clude the possibility that two or more PLSCR1 family
members act redundantly to promote PS exposure in
C. elegans.
PS Exposure Depends on the Putative P Type
Aminophospholipid Transporter TAT-1
We also tested the possible involvement of putative ami-
nophospholipid translocases (APLTs) in PS exposure.
Current evidence suggests that in yeast and mammals,
translocation of PS from the outer to the inner leaflet of
the plasma membrane is catalyzed by a P type ATPase
belonging to the P4 subfamily [2]. The C. elegans
genome encodes six P4 ATPases [16], which we named
tat-1 to tat-6 for transbilayer amphipath transporter 1–6.
We knocked down the expression of tat-1 to tat-5 by
feeding RNAi and scored the number of GFP::AnxV-
labeled cell corpses in adult ced-5 hermaphrodites.
Surprisingly, ablating the function of tat-1 by RNAi
caused a dramatic reduction in the number of GFP::
AnxV-labeled cell corpses, indicating a putative role
for TAT-1 in PS exposure in C. elegans (Figure 3B).
Notably, tat-1(RNAi) also abolished GFP::AnxV staining
around cell corpses in wild-type animals and in all the
other engulfment mutant backgrounds (Figure S2B
and Figures 4A and 4B). These results demonstrate
that the phenotype caused by loss of tat-1 expression
does not depend on any particular engulfment mutant.Failure of PS Exposure in a tat-1 Knockdown
Is Specific for Apoptotic Cells
The asymmetric distribution of phospholipids is lost not
only during apoptosis but also during necrotic cell
death, when the plasma membrane becomes disrupted
and the cell lyses [17]. Indeed, AnxV labels both types of
cell corpses in cell culture (Figures 1C and 1F) [4]. To
determine whether GFP::AnxV also labels necrotic cell
corpses in vivo, we analyzed GFP::AnxV binding in
mec-4(u231) mutants, in which the six touch-receptor
neurons undergo vacuolar swelling and lysis [18, 19].
We found that GFP::AnxV also labels these necrotic cells
(Figures S3A and S3C). Importantly, unlike apoptotic
deaths, labeling of necrotic cell deaths by GFP::AnxV
was not suppressed by RNAi of the caspase ced-3
(Table S1).
PS exposure in necrotic cells is suggested to occur
passively after loss of plasma-membrane integrity. We
found that knocking down tat-1 in a mec-4; ced-5;
opIs117 background did not lead to any reduction of
GFP::AnxV labeling of necrotic cells (Table S1). This
result supports our hypothesis that TAT-1 is specifically
involved in the active process of PS externalization in
apoptotic cells.
tat-1(RNAi) Impairs Apoptotic-Cell Clearance during
Embryonic Development and in the Hermaphrodite
Germ Line
In mammals, PS acts as an ‘‘eat-me’’ signal, labeling the
apoptotic cell for phagocytosis and destruction [20, 21].
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me signal in C. elegans, we scored the number of unen-
gulfed cell corpses in tat-1(RNAi)-treated rrf-3; opIs117
worms (which are hypersensitive to RNAi [22]). We found
that tat-1(RNAi) resulted in a weak engulfment defect
both in the germ line of adult hermaphrodites and during
embryonic development (Figures 4A–4C). These results
suggest that TAT-1 function is required for efficient re-
moval of apoptotic-cell corpses.
P4 ATPases are highly conserved and present in all eu-
karyotes (Figure S4). All evidence to date indicates that
transport by these enzymes is from the extracytosolic
to the cytosolic side of the membrane [2]. In particular,
the plasma membrane APLT, by confining PS to the in-
ner leaflet, generates phospholipid asymmetry rather
than destroys it. Our observation that TAT-1 is required
Figure 4. tat-1(RNAi) Increases the Number of Apoptotic-Cell Corp-
ses during Development and in the Germ Line
(A and B) Synchronized rrf-3; opIs117 L1 larvae were transferred
onto either standard NGM agar plates (seeded with OP50 bacteria)
or 2 mM IPTG RNAi plates. Time-course analysis of apoptotic germ
cells was started at the L4/adult molt (0 hr) with (A) Nomarski optics
(DIC) and (B) GFP epifluorescence. One gonad arm was scored per
animal. All data are averages 6 SD, n = 15.
(C) Synchronized rrf-3; opIs117 L1 larvae were transferred onto ei-
ther standard seeded NGM agar plates or 2 mM IPTG tat-1 or GFP
(control) RNAi plates. Embryos of the F1 generation were picked
and analyzed by Nomarski microscopy. Apoptotic-cell corpses
were scored in whole embryos until the 2-fold stage and from the
early 3-fold stage onward only in the head region (n = 15).for PS exposure in C. elegans is thus rather surprising.
We considered a number of possible explanations for
this unexpected finding. First, it simply could be that
TAT-1 indeed evolved into an outward-directed PS
transporter. Clearly, TAT-1 then would have to be inac-
tive in normal healthy cells and become activated only
during apoptosis. A more complicated model could be
that TAT-1 displays distinct activities, depending on
the state of the cell. In healthy cells, TAT-1 might act (re-
dundantly with at least one more transporter) as an in-
ward-directing translocase. In dying cells, TAT-1 could,
in response to proteolysis, posttranslational modifica-
tion, or interaction with other proteins, alter the direc-
tionality of PS transport or act as a PS-specific flipsite.
A final possibility is that TAT-1 is not directly involved
in PS exposure but rather is required for proper localiza-
tion or activity of the C. elegans scramblase. For exam-
ple, the S. cerevisiae APLT Drs2p mainly localizes to late
Golgi membranes, where it translocates PS from the lu-
minal to the cytosolic leaflet of the trans-Golgi network
(TGN) [23, 24]. Furthermore, drs2 mutant exhibit signifi-
cant defects in protein transport from the TGN, similar to
clathrin mutants. Such transport defects could cause
the mislocalization or inactivation of proteins at the
plasma membrane [25, 26]. If TAT-1 were to function
like Drs2p, then knocking down tat-1 expression might
compromise vesicle trafficking and proper sorting of
proteins, e.g., the scramblase, from the TGN to the
plasma membrane. Although we have not formally ex-
cluded this possibility, we do note that protein traffick-
ing seems not to be generally affected in tat-1(RNAi)
worms because GFP::AnxV is still properly secreted
(Figure S3), the fusion protein CED-1::GFP is properly
localized around apoptotic cells in the germ line, and
neither development in general nor viability are signifi-
cantly impaired in these animals (data not shown).
We showed that lack of PS exposure in C. elegans is
accompanied by a slight reduction in cell clearance (Fig-
ures 4A and 4C), suggesting that PS might act as an
eat-me signal in worms, as it does in other species. In
C. elegans, apoptotic cells are recognized via two par-
tially redundant pathways, which cooperate to activate
CED-10/Rac and promote the cytoskeletal changes
necessary for cell-corpse engulfment [27–29]. Unfortu-
nately, we failed to detect any enhanced engulfment de-
fect when we knocked down tat-1 in the various engulf-
ment mutant backgrounds (Figure S5). Thus, we cannot
assign recognition of PS to either pathway on the basis
of our RNAi results. A definitive answer to this question
will require the use of a clean genetic null mutant.
Xue and colleagues reported that PSR-1, the C. ele-
gans homolog of the putative PS receptor PSR, medi-
ates PS recognition via the CED-5/12 pathway [30, 31].
We tested two different deletion alleles of psr-1 (tm469
and ok714); we could not see any significant difference
in the clearance of corpses during embryonic develop-
ment compared to wild-type embryos (Figure S6). We
did notice marginally slower kinetics of corpse appear-
ance and disappearance in psr-1 mutants (fewer corp-
ses at early stages, more corpses later on); this might
suggest either a minor delay in embryonic-cell differen-
tiation or a weak apoptotic defect [32, 33] in psr-1
mutants. Thus, whether PSR-1 acts as a PS receptor
in C. elegans or, similar to its mammalian homolog,
tat-1 Is Required for PS Exposure in C. elegans
999functions as a nuclear protein [2, 34, 35] remains to be
determined.
Supplemental Data
Experimental Procedures, six figures, and one table are available at
http://www.current-biology.com/cgi/content/full/17/11/994/DC1/.
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